Introduction
The neurotransmitter acetyl choline (ACh) plays a crucial role in both the central and peripheral nervous system. Disruptions in the central cholinergic system have been associated with different human disorders, including Alzheimer's disease (Felder et al., 2001 , Mesulam, 2004 , autism spectrum disorders (Deutsch et al.) , and schizophrenia (Barak, 2009 , Felder et al., 2001 . One hallmark in schizophrenia is impaired prepulse inhibition (PPI) of startle. PPI is a measure of sensorimotor gating, referring to the inhibition of the startle response to a sudden intense auditory stimulus (pulse) due to prior presentation of a sub-threshold stimulus (prepulse). PPI is considered to reflect the ability to actively suppress sensory information from processing. It has been used as an assay of sensorimotor gating deficits exhibited by patients with schizophrenia, but PPI disruptions have also been reported in patients suffering from Alzheimer's disease, Tourette's syndrome, Huntington's disease, or obsessive-compulsive disorder. PPI can pharmacologically be disrupted by systemic injections of muscarinic antagonists (reviewed by Barak, 2009 , Jones & Shannon, 2000b , while systemic nicotine has shown to enhance PPI in schizophrenic patients and healthy humans (Kumari et al., 2008 , Kumari et al., 2001 , Kumari et al., 2002 , Postma et al., 2006 , as well as in different animal models (Acri et al., 1994 , Curzon et al., 1994 , Semenova et al., 2003 , Suemaru et al., 2004 . PPI of startle has been proposed to be at least partly mediated by inhibitory cholinergic projections from the pedunculopontine tegmentum (PPT) and laterodorsal tegmentum (LDT) to the startle mediating neurons in the pons (Bosch & Schmid, 2006 , Bosch & Schmid, 2008 , Koch et al., 1993 . Besides its descending inhibition to the caudal pontine reticular nucleus (PnC), the PPT primarily projects to higher brain structures, e.g. the thalamus, substantia nigra and ventral tegmentum dopaminergic neurons (Blaha et al., 1996 , Fendt et al., 2001a , Steriade et al., 1990 , Yeomans, 1995 . It was suggested that these cholinergic PPT projections may be responsible for cortical activation and eliciting approach behaviours, while inhibiting avoidance behaviours like startle through the descending projections (Fendt et al., 2001a) .
Habituation is another form of sensory filtering that is also disrupted in schizophrenia and delayed in patients suffering from autism spectrum disorders. Short-term habituation (STH) describes the decline of a behavioural response (e.g. startle) to repeated presentation of the same stimulus within a testing session, whereas long-term habituation (LTH) describes the decline of the first (or the average) response over consecutive testing sessions. Habituation is also considered being a basic form of non-associative learning. Whereas STH of startle occurs within the primary startle pathway (Davis et al., 1982 , Schmid et al., 2010 , LTH can be disrupted by lesions in the cerebellar vermis (Leaton & Supple, 1986 , Leaton & Supple, 1991 , Lopiano et al., 1990 ). Yet, there is little indication for a role of acetylcholine in habituation of startle (see Hughes, 1984) .
Habituation and PPI deficits have been associated with cognitive symptoms in neural disorders.
The cholinergic system plays a major role in cognitive function, and drugs facilitating cholinergic transmission have been developed as cognitive enhancers. Efficient synaptic release of ACh depends on its transport into synaptic vesicles by vesicular ACh transporter (VAChT, De Castro et al., 2009 , Prado et al., 2002 . Homozygous VAChT knock-down mice (VAChT KD HOM ) with a 70% reduced immunoreactivity for VAChT in the brain show decreased ability to refill synaptic vesicles (Lima Rde et al., Prado et al., 2006) . VAChT KD HOM mice have a reduced capability to sustain ACh release and the injection of the cholinesterase inhibitor galantamine has previously shown to reverse motor, cardiovascular and memory deficits in mutant mice (De Castro et al., 2009 , Lara et al., Prado et al., 2006 . VAChT KD HOM mice are therefore an excellent model to study the consequences of disruptions in central cholinergic function. We here studied the effect of VAChT knock-down on basic cognitive processes such as short-term and long-term habituation as well as prepulse inhibition of startle.
Material & Methods:
Animals: Generation and genotyping of the mice has been described before (De Castro et al., 2009 , Prado et al., 2006 . These mice were generated by targeting the 5' untranslated region of animals were removed from startle boxes after the testing, returned to their home cage and were then immediately injected (see figure 1) . Only the acclimation period and block I were executed in the rescue experiments.
Data Analysis: For the analysis of PPI, the ten 0 ms ISI trials per mouse in block II were averaged and set as baseline startle (100% Unpaired or paired student's t-tests or two way ANOVAs with repeated measurements and a mixed data design were used to assess statistical significant differences. Factor 1 was always the genotype or drug treatment (in rescue experiments), factor 2 was the ISI in the PPI experiments, the trial number in STH experiments, and the number of the day in LTH experiments. The
Microsoft Excel add-in program StatEL (ad Science, France) was used for statistical analysis.
Results:

Genotypes did not differ in startle amplitude
14 wild-type and 12 VAChT KD HOM mice were tested for their startle response amplitude with increasing startle stimulus intensities from 65 dB background to 120 dB white noise in 5 dB steps. All startle boxes were calibrated to box 1 in order to allow for a direct comparison of For the rescue experiment, we injected the animals over five days, prior to behavioural testing. In wild-type animals, a mixed repeated measure ANOVA with injection as independent and trial or testing day as within group factor revealed that there was no effect of injection group on short-term habituation [interaction injection with trial: F(29, 390)=1.08, p=0.35, figure 5b ], and no effect of repeated galantamine injection over 5 days on long-term habituation [interaction injection with testing day: F(4,66)=1.54, p=0.2, figure 5c ] when compared to saline injected animals. We also tested for a difference between injection groups for days 1-5 using a paired student's t-test, which didn't reveal any differences between saline and galantamine injections in wild-type mice either (p= 0.28-0.45). Please note that both injection groups seemed to show less STH and LTH than in the previous experiment without injections, probably due to the aversive effects of the injection procedure itself (compare figure 5 b-c with figure 4 ac). In VAChT KD HOM mice, a mixed repeated measure ANOVA with injection as independent and trial or testing day as within group factor revealed there was also no effect of injection on short-term habituation [interaction of factor injection with trial: F(29,270)=0.70, p=0.87, figure   5b ]. However, galantamine injected VAChT KD HOM mice showed a decline of their average startle responses between days, whereas saline injected animals did not show any LTH, confirming the lack of LTH in VAChT KD HOM mice in a second cohort of mice (figure 5d).
ANOVA confirmed a trend for a difference for an interaction treatment with day [F(4,22)=1.33, p= 0.054]. Unpaired student's t-tests confirmed no difference between
injection groups at days 1 (p=0.39), 2 (p=0.08) and 4 (p=0.08), but a significant difference between injection groups at days 3 (p=0.01) and 5 (p=0.02).
In order to test whether the esterase inhibitor has to be present during learning/retrieval or if it is sufficient if it is present during the consolidation phase following learning we repeated the rescue experiment with the VAChT KD HOM mice, but administered galantamine (or saline) immediately after the behavioural testing. As expected, short-term habituation in this group of animals was again not affected by the type of injections and animals showed STH comparable to non-injected animals (figure 6a, compare fig. 4a ). As shown in fig. 6b deplete the cholinergic synaptic vesicles. Indeed, the reported motor deficits are specific for prolonged motor function, whereas initial synaptic release and release probability have been shown to be normal in these mice (Prado et al., 2006) .
Prepulse inhibition
The inhibitory effect of a prepulse on the startle reflex is assumed to occur through cholinergic PPT projections to the PnC, but descending limbic cortico-striato-pallido-pontine circuitry is known to regulate the pontine inhibitory tone. This regulation determines the degree to which the prepulse can inhibit the subsequent startle response. The cholinergic system closely interacts with dopaminergic systems in striatum therefore it is not clear to what extent cholinergic drugs affect the PPI circuitry directly as opposed to PPI modulation through alterations in dopaminergic signalling. The expression of normal PPI in VAChT KD HOM mice was a surprising result, given the large body of evidence for an important role of cholinergic projections in PPI and the reported effects of systemic cholinergic drugs. We tested PPI with different interstimulus intervals between prepulse and startle stimuli, since it has been hypothesized that different transmitter receptors mediate PPI at different time scales (Fendt et al., 2001b , Jones & Shannon, 2000a , Jones & Shannon, 2000b . We chose the prepulse intensity that yields maximum PPI without causing a startle reaction itself (85 dB), and we varied the ISI from the commonly used 100 ms, to 30 and 50 ms, which are the ISIs yielding maximum PPI in mice, plus a very short and a long ISI, in order to make sure that we don't miss any cholinergic contribution. There was no PPI deficiency at any ISI. However, as with the lack of an effect on baseline startle, we cannot exclude the possibility that although cholinergic transmission is reduced in the mutant mice, it still might be sufficient for PPI signalling in response to a short prepulse every 20 seconds. Furthermore, other neurotransmitter systems contributing to PPI, such as GABA (Fendt, 1999 , Kodsi & Swerdlow, 1995 , could be up-regulated and be compensating for the lack of cholinergic transmission in these mice. The unperturbed PPI in the mutant mice can therefore not lead to the assumption that ACh plays no role in mediating and modulating PPI.
Habituation
Short-term habituation (STH) of startle is assumed to occur within the primary startle pathway which is glutamatergic. More specifically, the glutamatergic synaptic terminals of sensory afferent fibres projecting on the startle mediating giant neurons in the PnC are assumed to undergo synaptic depression during STH (Schmid et al., 2010 , Simons-Weidenmaier et al., 2006 , Weber et al., 2002 . The role of cholinergic modulation in habituation had been investigated in the past and it was assumed that STH to external stimuli is not directly modulated by cholinergic neurotransmission (Hughes, 1984) , which is in accordance with our results. The disruption of STH in both treatment groups in the rescue experiment with pre-test injections is likely due to the aversive procedure of i.p. injections immediately prior to behavioural testing. Aversive stimuli can cause sensitization and fear potentiation of startle that would override the habituation process. The fact that STH is normal in both groups in the post-test injection rescue experiment supports this conclusion. Little is known about mechanisms underlying long-term habituation (LTH) of startle. LTH can be disrupted by lesions of the cerebellar vermis (Leaton & Supple, 1986 , Leaton & Supple, 1991 , thus it is an extrinsic modulation of startle that employs cellular substrates different from the ones that mediate startle and STH. There is evidence for a cholinergic innervation of the cerebellum (Jaarsma et al., 1997), but it's connection to the vermis or to LTH is unclear. While the cerebellar vermis is important for LTH, the cholinergic PPT projections to the PnC might be a downstream effector mediating the inhibition of startle during LTH. An increase of the cholinergic tone in this projection could mediate LTH. Interestingly, the first injection of galantamine seemed to already induce maximum LTH, as opposed to the gradual startle decline during normal LTH. This would be expected, if galantamine strongly enhances cholinergic activity as opposed to a gradual increase in cholinergic tone during LTH. A tonic cholinergic function would also be more vulnerable to reduced cholinergic neurotransmission in VAChT KD HOM mice, as opposed to a transient cholinergic activation during PPI.
Galantamine injections did
Interestingly, the lack of LTH to startle stimuli in VAChT KD HOM mice is paralleled by a lack of habituation to a juvenile intruder in these mice (Prado et al., 2006) . Moreover, mutant mice show a deficit in object recognition, which could also be explain by a lack of habituation to the recently explored object. It will be crucial to gain more information about the respective underlying circuitry and mechanisms in order to elucidate in what way these disruptions are connected to each other.
In conclusion, while PPI and STH were not impaired, the unexpected disruption of LTH in
VAChT KD HOM mice gives us valuable insights into both, cognitive functions of cholinergic neurotransmission as well as mechanisms underlying LTH of startle. Future experiments will address whether the LTH deficit is specifically mediated by the cholinergic dysfunction in the midbrain (i.e. PPT) or by higher brain areas modulated by the basal forebrain cholinergic cell groups, using brain region selective regional knock-outs for VAChT. All animals were acclimatized to the box 3-4 times for 5 min. During the last session they were exposed to three startle stimuli in order to set their individual gain factor. At testing day 1, animals were placed into the startle box for 5 min, then 30 startle stimuli were presented for habituation (block I). Subsequently, another 70 stimuli were presented with or without a prepulse in order to measure PPI. In the rescue experiments, injections were done on each of the five testing days either before animals were placed into the startle boxes (pre-testing), or right after testing when they were removed from the boxes (post-testing). For more details, please see the Materials and Methods section. c: Course of short-and long-term habituation over five days. For more clarity, 6 consecutive startle responses of an animal were always averaged (blocks of 6). The data of each animal was then normalized to the value of the first block (=100%). Both groups of animals showed shortterm, but no long-term habituation over five days (n=10 KD mice with galantamine injections and n=9 KD mice with saline injections).
